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1
SAPPHIRE SUBSTRATE AND METHOD FOR
MANUFACTURING THE SAME AND
NITRIDE SEMICONDUCTOR LIGHT
EMITTING ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Divisional of and claims priority to
U.S. application Ser. No. 13/804,453, filed Mar. 14, 2013
which claims priority to Japanese Application No. P2012-
074667, filed Mar. 28, 2012 and Japanese Application No.
P2012-2013-049919, filed Mar. 13, 2013 the disclosures of
which are hereby incorporated by reference in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present Invention relates to a sapphire substrate for a
nitride semiconductor light emitting element and a method
for manufacturing the same and a nitride semiconductor light
emitting element.

2. Description of Related Art

Generally, a light emitting diode (LED) made of a nitride
semiconductor is constituted by laminating on a sapphire
substrate an n-type semiconductor layer, an active layer and a
p-type semiconductor layer in this order. Light generated in
this light emitting diode at the active layer is extracted from a
side opposite to the sapphire substrate or from the sapphire
substrate side, while the generated light is also radiated to a
direction opposite to a light exiting side. Therefore, it is
necessary to improve external quantum efficiency by allow-
ing light radiated to a direction opposite to the light exiting
side to be extracted effectively from the light exiting side.

Therefore, JP 2008-177528 A, for example, discloses that
an external quantum efficiency of a semiconductor light emit-
ting element is improved by arranging a plurality of projec-
tions having truncated triangular pyramidal-shape on a sap-
phire substrate. It also describes that the generation of voids
and the deterioration of crystallinity can be suppressed by
growing a nitride semiconductor crystalline on a surface on
which truncated triangular pyramidal-shaped projections are
formed.

However, with an increase in an output of light emitting
diodes, it has been found as a result of the present inventors’
studies that problems due to crystal defects become apparent,
which were not recognized in the previous light emitting
diodes. In addition, further improvements are desired in a
light extraction efficiency of light emitting diodes.

Thus, an object of the present invention is to provide a
sapphire substrate and a method for manufacturing the same,
which enables growth of a nitride semiconductor having
excellent crystallinity and can provide a nitride semiconduc-
tor light emitting element having excellent light extraction
efficiency.

Furthermore, an object of the present invention is to pro-
vide a nitride light emitting element which comprises a
nitride semiconductor having excellent crystallinity and light
extraction efficiency.

SUMMARY OF THE INVENTION

One aspect of the present invention is a sapphire substrate
provided with a plurality of projections on a principal surface
on which a nitride semiconductor is grown to form a nitride
semiconductor light emitting element, wherein the projec-
tions have a substantially pyramidal-shape constituted by a
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2

plurality of side surfaces to have a pointed top, wherein the
side surfaces have an inclined angle of between 53° and 59°
from a bottom surface of the projections, and wherein the side
surfaces are crystal-growth-suppressed surfaces on which a
growth of the nitride semiconductor is suppressed relative to
a substrate surface located between the adjacent projections.

Another aspect of the present invention is a method for
manufacturing a sapphire substrate in which a plurality of
projections are formed on C-plane of the sapphire substrate
by etching, comprising: forming a patterned etching mask on
C-plane of the sapphire substrate; etching the sapphire sub-
strate until the projections are formed, wherein the projec-
tions formed by the etching have a substantially pyramidal-
shape constituted by a plurality of side surfaces to have a
pointed top, the side surfaces having an inclined angle of
between 53° and 59° from a bottom surface of the projections;
and removing the etching masks from the sapphire substrate.

Further aspect of the present invention is a nitride semi-
conductor light emitting element formed by growing a nitride
semiconductor on the principal surface of the sapphire sub-
strate.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A shows a plan view of an example of a previous
projection, and FIG. 1B shows a cross-section view of the
projection shown in FIG. 1B along the line A-A".

FIG. 2 is a cross-section view of a nitride semiconductor
light emitting element in an embodiment ofthe present inven-
tion.

FIG. 3A is a plan view of a projection in an embodiment of
the present invention, and FIG. 3B shows a perspective view
of the projection shown in FIG. 3A.

FIG. 4 is a plan view showing an example of projection
arrangement in a nitride semiconductor light emitting ele-
ment of an embodiment.

FIG. 5 is a plan view showing another example of projec-
tion arrangement in a nitride semiconductor light emitting
element of an embodiment.

FIGS. 6 A-6D schematically show the respective steps of a
method for manufacturing a sapphire substrate according to
one embodiment of the present invention.

FIG. 7A is a SEM image from a top side of a sapphire
substrate of Examples, and FIG. 7B is a SEM image at a cross
section of the sapphire substrate of Examples.

FIG. 8 is a SEM image from a top side of a sapphire
substrate of Comparative Examples.

FIG. 9 is a graph showing a luminous flux ratio of a light
emitting device of Example 1 to that of Comparative Example
1.

FIG. 10 is a graph showing a radiant flux ratio and a
luminous flux ratio of a light emitting device of Example 2 to
that of Comparative Example 2.

FIG. 11 is a SEM image at a cross section of the projections
of Comparative Example 3.

FIG. 12A is a top view of the nitride semiconductor light
emitting elements of Example 3 and Comparative Example 3,
FIG. 12B shows a directional characteristics of the nitride
semiconductor light emitting elements of Example 3 and
Comparative Example 3 when the light intensities were mea-
sured in a direction of $=0°, and FIG. 12C shows a directional
characteristics of the nitride semiconductor light emitting
elements of Example 3 and Comparative Example 3 when the
light intensities were measured in a direction of ¢=90°.
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3
DESCRIPTION OF EMBODIMENTS

Detailed Description

Hereinafter, embodiments of the present invention are
described with reference to the drawings. However, embodi-
ments described below are aimed at embodying the present
invention, and the present invention is not limited to the
embodiments. In particular, dimensions, materials, shapes
relative arrangement and the like of the components
described below are not intended to limit the scope of the
present invention only to them unless specifically described,
but they are merely illustrative explanations. In addition,
dimensions, positional relations and the like of members
shown in each drawing may be exaggerated in order to make
explanations clear. Furthermore, each component constitut-
ing embodiments of the present invention may be adapted to
an aspect in which a plurality of components are constituted
by the same member and the plurality of components are
combined into one member, or on the contrary, can be
achieved by sharing a function of one member with a plurality
of members.

FIGS. 1A and 1B show an example of previous projections
(see JP 2008-177528A). The projections shown in FIGS. 1A
and 1B have a substantially truncated triangular pyramidal-
shape with a bottom surface having substantially triangular
shape, and have a flat surface 104 at the top of the projection
parallel to a plane positioned between the adjacent projec-
tions. Each of the sides 101, 102 and 103 has an outwardly
curved arc shape, respectively. The flat surface 104 at the top
is a crystal growth surface on which a nitride semiconductor
can be grown. On the other hand, three side surfaces 101%,
102k and 103% are crystal-growth-suppressed surfaces on
which the growth of nitride semiconductor is suppressed,
respectively. Using a sapphire substrate having such projec-
tions periodically arranged thereon, a nitride semiconductor
having excellent crystallinity can be grown and a nitride
semiconductor light emitting element having excellent light
extraction efficiency can be obtained.

The sapphire substrate having the above-mentioned previ-
ous projections periodically arranged thereon can further
improve the light extraction efficiency by increasing the
heights of the projections. However, it has been found as a
result of the present inventors’ studies that voids are likely to
be generated in the nitride semiconductor grown on the sub-
strate when the heights of the previous projections are
increased.

The present inventors have intensively studied and found
that both improved light extraction efficiency and excellent
crystallinity can be achieved by using a sapphire substrate
having a plurality of substantially pyramidal-shaped projec-
tions constituted by side surfaces that are inclined from bot-
tom surfaces of the projections by 53°to 59° to have a pointed
top, and thus, the embodiment has been completed.

The embodiment relates to a sapphire substrate provided
with a plurality of projections on a principal surface on which
a nitride semiconductor is grown to form a nitride semicon-
ductor light emitting element, wherein the projections have a
substantially pyramidal-shape constituted by a plurality of
side surfaces to have a pointed top, wherein the side surfaces
have an inclined angle of between 53° and 59° from a bottom
surface of the projections, and wherein the side surfaces are
crystal-growth-suppressed surface on which a growth of the
nitride semiconductor is suppressed relative to the substrate
surface located between the adjacent projections.

The bottom surface of the projections preferably has a
substantially polygonal shape having three or more out-
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4

wardly curved arc-shaped sides, respectively, and each of the
side surfaces preferably has a substantially triangular shape
of which vertexes are both ends of a side of the bottom surface
and the top of the projection. The bottom surface of the
projection more preferably has substantially triangular shape.

The projections preferably have a height of between 1.0
and 1.7 um.

The projections are preferably arranged to be apart from
each other on the principal surface of the sapphire substrate.
Further, the projections are preferably arranged periodically
on the principal surface of the sapphire substrate, and more
preferably arranged on each vertex of triangular, tetragonal or
hexagonal lattice.

A distance between tops of the adjacent projections is
preferably between 2.2 um and 3.1 um, more preferably
between 2.8 um and 3.1 pm.

The substrate surface located between the adjacent projec-
tions is a crystal growth surface, and a ratio of an area of the
crystal growth surface to that of the principal surface is pref-
erably between 25% and 60%, and more preferably between
30% and 45%.

Furthermore, the embodiment relates to a method for
manufacturing a sapphire substrate in which a plurality of
projections are formed on C-plane of the sapphire substrate
by etching, comprising: forming a patterned etching mask on
C-plane of the sapphire substrate; and etching the sapphire
substrate until the projections are formed, wherein the pro-
jections formed by the etching have a substantially pyrami-
dal-shape constituted by a plurality of side surfaces to have a
pointed top, the side surfaces having an inclined angle of
between 53° and 59° from a bottom surface of the projections.

Furthermore, the embodiment relates to a nitride semicon-
ductor light emitting element formed by growing a nitride
semiconductor on the principal surface of any of the above-
mentioned sapphire substrate.

With the sapphire substrate of the embodiment, a nitride
semiconductor having excellent crystallinity can be grown,
and a nitride semiconductor light emitting element having
excellent light extraction efficiency, in particular light extrac-
tion efficiency from the side opposite to the sapphire substrate
and from the direction perpendicular to the substrate can be
obtained.

In addition, the method for manufacturing the sapphire
substrate of the embodiment can provide a sapphire substrate
on which a nitride semiconductor having excellent crystallin-
ity can be grown, and by using the sapphire substrate, anitride
semiconductor light emitting element having excellent light
extraction efficiency, in particular light extraction efficiency
from the side opposite to the sapphire substrate and from the
direction perpendicular to the substrate can be obtained.

Furthermore, the nitride semiconductor light emitting ele-
ment of the embodiment has the above-mentioned features
and thus, consists of nitride semiconductor having excellent
crystallinity and has excellent light extraction efficiency, in
particular light extraction efficiency from the side opposite to
the sapphire substrate and from the direction perpendicular to
the substrate.

[Sapphire Substrate]

FIG. 2 shows a cross section of a nitride semiconductor
light emitting element in one embodiment of the present
invention. In FIG. 2, a semiconductor laminated structure 2 in
which a base layer 21, a first conductive layer (n-type layer)
22, an active layer (light emitting layer) 23, a second conduc-
tive layer (p-type layer) 24 are laminated in this order is
formed on a sapphire substrate 10, and a plurality of projec-
tions having substantially pyramidal-shape with a pointed
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top, respectively, are formed on the surface of the substrate 10
on which the base layer 21 is grown.

The sapphire substrate of embodiments of the present
invention is provided with a plurality of projections on one
principal surface, wherein the projection has substantially a
pyramidal-shape having a pointed top and constituted by a
plurality of side surfaces, wherein the side surface has an
inclined angle of between 53° and 59° from a bottom surface
of the projection, and wherein the side surface is a crystal-
growth-suppressed surface on which growth of nitride semi-
conductor is suppressed relative to the substrate surface
located between the adjacent projections.

In the present specification, “pointed top” means that there
is substantially no surface parallel to the substrate surface
located between the adjacent projections, or the surface on the
top of the projection parallel to the substrate surface located
between the adjacent projections is small enough not to allow
a growth of nitride semiconductor from the top of the projec-
tion.

In the present specification, “substantially pyramidal-
shape” means a shape approximated by pyramidal-shape.
Similarly, “substantially triangular pyramidal-shape”, “sub-
stantially polygonal shape”, “substantially triangular shape”
and “substantially truncated triangular pyramidal-shape”
mean shapes approximated by triangular pyramidal-shape,
polygonal shape, triangular shape and truncated triangular
pyramidal-shape, respectively. In particular, “substantially
pyramidal-shape (substantially triangular pyramidal-shape)”
includes, for example, a shape in which each side of the
bottom surface of the pyramidal-shape (triangular pyramid)
has an outwardly curved arc shape and each side surface is an
outwardly curved rounded surface; a shape in which each side
of'the bottom surface of the pyramidal-shape (triangular pyra-
mid) is a straight line and each side surface is flat; and a shape
in which each side of the bottom surface of the pyramidal-
shape (triangular pyramid) has an inwardly curved arc shape
and each side surface is an inwardly curved rounded surface.
In addition, “substantially polygonal shape (substantially tri-
angular shape” includes, for example, a shape in which each
side of the polygonal shape (triangular shape) has an out-
wardly curved arc shape, a shape in which each side of the
polygonal shape (triangular shape) is a straight line, and a
shape in which each side of the polygonal shape (triangular
shape) has an inwardly curved arc shape.

Since the side surfaces constituting the projection have
large inclined angles of between 53° and 59° from the sub-
strate surface located between the adjacent projections, light
propagating in the nitride semiconductor light emitting ele-
ment can be effectively reflected and/or diffracted on the side
surfaces of the projections and in particular, can be reflected
to a side opposite to the sapphire substrate in the direction
perpendicular to the substrate. As a result, the light extraction
efficiency especially from the side opposite to the sapphire
substrate and from the direction perpendicular to the substrate
can be improved.

Moreover, the sapphire substrate of embodiments of the
present invention can achieve further improved light extrac-
tion efficiency by increasing the height of the projections, and
at the same time, it can achieve the growth of the nitride
semiconductor having excellent crystallinity even if the
height of the projections are increased.

Hereinafter, it is described a mechanism how the nitride
semiconductor having excellent crystallinity can be grown. In
the sapphire substrate of embodiments of the present inven-
tion, each of the side surfaces constituting the projection
formed on the substrate is the crystal-growth-suppressed sur-
face on which the growth of the nitride semiconductor is
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6

suppressed. On the other hand, the substrate surface located
between the adjacent projections is for example, C-plane, and
is the crystal growth surface on which the nitride semicon-
ductor can be grown. When the nitride semiconductor is
grown from the crystal growth surface to the longitudinal
direction (the direction perpendicular to the sapphire sub-
strate), crystal defects (dislocations) due to the difference
between a lattice constant of the substrate and that of the
nitride semiconductor tend to extend to the growth direction
and generate on the surface. When the nitride semiconductor
is grown on the sapphire substrate of embodiments of the
present invention, the nitride semiconductor is grown from
the crystal growth surface located between the projections;
however, the growth from the side surface of the projection is
suppressed, and the nitride semiconductor is not substantially
grown. Therefore, the nitride semiconductor grown from the
crystal growth surface between the projections is grown to the
lateral direction on the side surface of the projection, and as
the growth proceeds, the nitride semiconductor gets to cover
the projections 1. This crystal growth to the lateral direction
causes the crystal defects extending to the growth direction to
be trapped within the nitride semiconductor, and as a result,
crystal defects generated on the surface of the nitride semi-
conductor can be reduced. A light emitting element structure
formed by laminating the nitride semiconductor layer having
reduced crystal defects can be obtained by further laminating
the nitride semiconductor layer on the surface of this flat
nitride semiconductor having reduced crystal defects.

As illustrated in FIGS. 3A and 3B described below, the
projection with respect to embodiments of the present inven-
tion has substantially pyramidal-shape with a pointed top, and
has no crystal growth surface on the top of the projection
unlike the previous projection shown in FIGS. 1A and 1B.
Since the previous projection shown in FIGS. 1A and 1B has
a crystal growth surface on the top of the projection, the
growth of the nitride semiconductor in lateral direction as
described above tends to be impeded by the growth in longi-
tudinal direction from the top of the projection when the
height of the projection is increased. On the other hand, the
projection with respect to embodiments of the present inven-
tion exhibit high effect of reducing crystal defects generated
atthe surface of the nitride semiconductor since the growth of
the nitride semiconductor in lateral direction is not impeded
by the growth in longitudinal direction from the top of the
projection even if the height of the projection is increased.

Furthermore, the projection according to embodiments of
the present invention can be arranged densely on the sapphire
substrate because the projections have substantially pyrami-
dal-shape with a pointed top and the inclined angles of the
side surfaces constituting the projection being between 53
and 59°. In case the inclined angles of the side surfaces are
smaller, the height of the projections must be decreased if the
projections are intended to be arranged densely. Embodi-
ments of the present invention enable high-density arrange-
ment of the projections having its increased height on the
sapphire substrate by increasing the inclined angles of the
side surfaces constituting the projections. A ratio of the
nitride semiconductor laterally growing so as to cover the
crystal-growth-suppressed surface is increased since the area
ratio of the crystal-growth-suppressed surface to the crystal
growth surface is increased by arranging the projections
densely, and crystal defects extending in the growth direction
are trapped within the nitride semiconductor, and as a result,
the crystal defects appearing on the surface can be decreased.
In addition, the sapphire substrate of embodiments of the
present invention can reduce a diffusion of incoming light by
arranging the projections densely thereon, and the light
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extraction efficiency of the obtained nitride semiconductor
light emitting element can be improved.

The bottom surface of the projection preferably has sub-
stantially polygonal shape having three or more sides which
are outwardly curved arc-shaped, respectively, and the side
surfaces preferably have substantially triangular shape of
which vertexes are both ends of a side of the bottom surface
and the top of the projection, respectively. More preferably,
the bottom surface of the projection has substantially trian-
gular shape. In particular, the side surfaces of the projections
are preferably outwardly curved rounded surfaces.

FIGS. 3A and 3B show a projection according to one
embodiment of the present invention. In this embodiment, the
projection 1 has substantially triangular pyramidal-shape and
its top t1 is pointed. The projection 1 is formed so as to have
substantially triangular pyramidal-shape constituted by three
side surfaces 11k, 12k and 13%. The bottom surface of the
projection has substantially triangular shape having sides 11,
12 and 13 having outwardly curved arc-shape, and the side
surfaces 11k, 12k and 3% are outwardly curved substantially
triangular-shaped rounded surfaces, respectively. The three
side surfaces 11k, 12k and 13k of the projection 1 have the
inclined angle of between 53~59° from the substrate surface
located between the adjacent projections, respectively. The
inclined angle 14 of the side surface 11%1is shown in FIG. 3(6)
by way of example. As can be seen from FIG. 3B, the
“inclined angle” of the side surfaces of the projections means
in the present specification, an angle between the bottom
surface of the projection and a line connecting the top t1 of the
projection with a center of a side 11, 12 or 13 of the bottom
surface of the projection.

As can be seen from FIG. 7B described below, the inclined
angle of the projections according to embodiments of the
present invention is substantially constant at any point on the
line connecting the top of the projection with a center of a side
of the bottom surface of the projection. In other words, the
side surfaces of the projections are substantially flat in a cross
section passing through the top of the projection and any of
the centers of the sides of the bottom surface.

The height of the projections is preferably between 1.0 and
1.7 um. The nitride semiconductor light emitting element
exhibiting excellent light extraction efficiency can be
obtained by setting the height of the projections in this man-
ner. In the present specification, “height of projection” means
a distance between the top of the projection and the bottom
surface of the projection.

The side surfaces constituting the projection are crystal-
growth-suppressed surfaces on which the crystal growth is
suppressed compared to the crystal growth surface. The crys-
tal-growth-suppressed surfaces provided on the sapphire sub-
strate facilitate lateral growth of nitride semiconductor grown
from the crystal growth surfaces located on the adjacent pro-
jections to allow formation of nitride semiconductor having a
surface with reduced crystal defects. Thus, the projections
having crystal-growth-suppressed surface(s) are preferably
distributed uniformly on the sapphire substrate and arranged
to be apart from each other.

The projections are more preferably arranged periodically
on the sapphire substrate. The projections are preferably
arranged on each vertex of triangular, tetragonal or hexagonal
lattice. For example, specific arrangement of the projections
includes arrangements such as parallelogram lattice-point
arrangement and rectangular lattice-point arrangement, other
than the triangular lattice-point arrangement shown in FIG. 4
and square lattice-point arrangement shown in FIG. 5. The
triangular lattice-point arrangement is particularly preferable
since propagation in lateral direction of light generated in
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light emitting layer can be effectively interrupted especially
in case of high-density arrangement. The projections may be
formed with the same periodic arrangement on the entire
surface of the sapphire substrate, or alternatively may be
formed with different periodic arrangements on at least two
areas dividing the surface of the sapphire substrate depending
on the semiconductor element structure (for example, elec-
trode arrangement) formed on the substrate.

A distance between the tops of the adjacent projections
(hereinafter referred to as a distance between the projections)
is preferably between 2.2 and 3.1 um, and more preferably
between 2.8 and 3.1 um. By setting the distance between the
projections in this range, the crystallinity of the nitride semi-
conductor grown on the sapphire substrate as well as the light
extraction efficiency of the obtained nitride semiconductor
light emitting element are improved.

In the sapphire substrate of embodiments of the present
invention, a ratio of an area of the crystal growth surface to
that of the principal surface (hereinafter referred to as an area
ratio of crystal growth surface) is preferably between 25 and
50%, and more preferably between 30 and 45%. A nitride
semiconductor light emitting element exhibiting higher light
extraction efficiency can be obtained by setting the area ratio
of crystal growth surface in this manner.

[Method for Manufacturing a Sapphire Substrate]

The method for manufacturing the sapphire substrate of
embodiments of the present invention is characterized in that
the plurality of projections are formed on C-plane of the
sapphire substrate by etching, the method comprising an etch-
ing process of forming the plurality of etching masks on
C-plane of the sapphire substrate and etching the sapphire
substrate until the projections become substantially pyrami-
dal-shaped with a pointed top.

Etching includes wet etching and dry etching, and embodi-
ments of the present invention may employ any of the etching
process.

As the dry etching, in particular, vapor-phase etching,
plasma etching and reactive ion etching can be used, and the
etching gas in this regard includes Cl-based and F-based
gases such as Cl,, SiCl,, BCl,, HBr, SF, CHF;, C,F,, CF,,
for example, as well as inactive gases such as Ar. The mask
material which can be used in dry etching includes oxide
layers such as SiO, or metal layers such as Ni.

As an etching liquid for the wet etching, phosphoric acid or
pyrophosphoric acid, or mixed acids obtained by adding them
with sulfuric acid, or potassium hydroxide can be used. The
mask material in the wet etching can be selected depending on
the substrate material and the etching liquid used. For
example, in addition to silicon oxides such as SiO,, an
oxide(s) of at least one element selected from a group con-
sisting of'V, Zr, Nb, Hf, Ti, Ta and Al or a nitrides) of at least
one element selected from a group consisting of Si, B and Al
can be used.

One embodiment of the method for manufacturing the
sapphire substrate of embodiments of the present invention is
described below with reference to FIGS. 6A-6D.

Firstly, a plurality of circular-shaped etching masks 16 are
formed by forming SiO, layer 15 and the like on C-plane
(0001) of the sapphire substrate 10 (FIG. 6A) followed by
patterning (FIG. 6B). The orientation of the sapphire sub-
strate surface 10 on which the etching masks 16 are formed,
the shape, dimension and arrangement of the etching masks
16, the distance between the etching masks 16 and the like can
be appropriately selected depending on the targeted number,
shape and arrangement of a plurality of the projections.

Then, the etching of the sapphire substrate 10 is performed.
Upon beginning the etching, a portion on which the etching
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masks 16 are not formed is removed by etching to form
circular-shaped projections almost directly reflecting the
shape of masks; however, the projections are affected by an
anisotropy in etching rate derived from crystal orientation (a
difference in the propagation rate of etching between difter-
ent directions) with the propagation of etching and thus, the
projections are formed into a shape reflecting the crystal
orientation.

In particular, since the etching propagates with reflecting
the crystal orientation due to the difference in etching rate
between the propagating direction of the etching, three ver-
texes of the bottom and ridge lines of the triangular pyramid
become gradually clear, so that the projections having sub-
stantially truncated triangular pyramidal-shape are formed
under the circular-shaped etching masks 16. Upper surface of
this substantially truncated triangular pyramidal-shaped pro-
jection is etched into substantially triangular shape and has an
area less than the etching mask 16 due to an undercut. In
addition, the bottom surface and the upper surface of the
projection are formed into substantially triangular shape con-
sisting of the respective sides having outwardly curved arc
shape, and as the etching propagates, the areas (of the bottom
surface and the upper surface) is reduced and the radius of
curvature of the respective sides is increased to be rectilinear.

When the etching further propagates, the area of the upper
surface of the projection becomes gradually decreased and at
last, the projection has a shape such that the projection has a
pointed top (FIG. 6C). After the projection has substantially
triangular pyramidal-shape having a pointed top, the etching
mask 16 is removed (FIG. 6D). Conditions for promoting the
undercut effectively may be employed. For example, when a
mixed acid comprising sulfuric acid and phosphoric acid is
used as an etching solution, a ratio of phosphoric acid in the
mixed acid may be increased. Specific composition of the
mixed acid can be adjusted depending on a forming condi-
tions of the etching mask and the like, and for example, a
mixed acid with a mixing ratio of (sulfuric acid):(phosphoric
acid)=3:2 can be used. Also, the undercut may be promoted
effectively by reducing an adhesion between the etching
mask and the sapphire substrate. The adhesion between the
mask and the substrate can be reduced by adjusting the sput-
tering conditions of the mask.

In this way, the plurality of the projections 1 can be formed
on the sapphire substrate 10 so that the projections have
substantially pyramidal-shape with a pointed top and consist
of the plurality of side surfaces, the side surfaces having the
inclined angle of between 53 and 59° from the bottom surface
of the projection. The specific etching conditions can be set
depending on the shape of the targeted projections and the
like.

It is also possible to form a projection 1 having triangular
pyramidal-shape in which each side of the bottom surface is
linear and each side surface is flat by increasing the etching
time. Also, it is possible to form a projection 1 in which each
side of the bottom surface has inwardly curved arc shape and
each side surface is inwardly curved rounded surface. Fur-
thermore, it is also possible to form a projection with a bottom
surface having quadrangular shape, pentagonal shape, hex-
agonal shape or the like by using dry etching.

By the above-mentioned one-stage etching step, projec-
tions can be formed which have a substantially pyramidal-
shape (for example, substantially triangular pyramidal-
shape) constituted by a plurality of side surfaces to have a
pointed top, wherein the side surfaces have an inclined angle
of' between 53° and 59° from a bottom surface of the projec-
tions, and wherein the inclined angle is substantially constant
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atany point on a line connecting the top of the projection with
a center of a side of the bottom surface of the projection.

By forming the projections by wet etching, the resulting
projection has a substantially triangular pyramidal-shape and
the three side surfaces of this substantially triangular pyrami-
dal-shape become close to R-plane. Therefore, the inclined
angles of the respective side surfaces of the projection
become close to the angle of R-plane. Specifically, the
inclined angle is between 53° and 59°.

By the above-described method for manufacturing the sap-
phire substrate, the sapphire substrate which enables a growth
of nitride semiconductor having excellent crystallinity can be
obtained. By using the sapphire substrate, it can be obtained
the nitride semiconductor light emitting element exhibiting
excellent light extraction efficiency, especially from the side
opposite to the sapphire substrate and from the direction
perpendicular to the substrate.

[Nitride Semiconductor Light Emitting Element]

A structure of a nitride semiconductor light emitting ele-
ment has a laminated structure formed by laminating a first
conductive layer 22, an active layer 23, a second conductive
layer 24 on the sapphire substrate 10 in this order as shown in,
for example, FIG. 2. A first electrode and a second electrode
are formed on the first conductive layer 22 exposed by remov-
ing a part of the active layer 23 and the second conductive
layer 24 and on the second conductive layer 24, respectively,
the second electrode consisting of a translucent ohmic elec-
trode formed on approximately the whole surface of the sec-
ond conductive electrode 24, and a pad and a diffusion elec-
trode formed on the translucent ohmic electrode.

When the nitride semiconductor light emitting element of
embodiments of the present invention is formed, gallium
nitride-based compound semiconductor material represented
by the general formula In, Al Ga, , N (0=x<l, O<y=l, O=x+
y=1) can be used as a semiconductor to be grown on the
substrate, and in particular, its binary/ternary mixed crystal
can be used preferably. Also, other semiconductor materials
than the nitride semiconductor, such as GaAs, GaP-based
compound semiconductor, AlGaAs, TnAlGaP— based com-
pound semiconductor can be used.

The light emitting element obtained in this manner is con-
stituted by the nitride semiconductor having excellent crys-
tallinity and has excellent light extraction efficiency, espe-
cially from the side opposite to the sapphire substrate and the
direction perpendicular to the substrate.

Example 1

Hereinafter, Examples with respect to embodiments of the
present invention are described.

The projections were formed on a sapphire substrate by the
following procedures.

A plurality of circular-shaped etching masks having diam-
eters ofabout 1.5 um were formed on each vertex of triangular
lattice with a side of 1.9 um by forming SiO, layer on a
C-plane (0001) ofthe sapphire substrate and by patterning the
Si0, layer. Subsequently, the substrate was immersed in an
etching bath using a mixed acid of phosphoric acid and sul-
furic acid as an etching liquid and etched with the solution
temperature of about 290° C. for about 5 minutes. By this, a
plurality of projections having substantially triangular pyra-
midal-shape with a pointed top were formed on the sapphire
substrate. The inclined angle of the side surfaces constituting
the projections was about 54°, the height of the projections
was about 1.2 um, the distance between the projections was
2.1 um, and C-plane area ratio (area ratio of the crystal growth
surface) was 35%. SEM image from the upper surface of the
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obtained sapphire substrate and the cross sectional SEM
image are shown in FIG. 7B and FIG. 7B, respectively.

The distances between the projections were changed in the
range from 1.9t0 3.1 pum, and for each of the distance between
the projections, C-plane area ratios were changed in the range
from 20 to 55% by adjusting the size of the etching masks, the
length of a side of the triangular lattice and the time of etch-
ing.

Subsequently, the substrate was transferred into MOCVD
(metalorganic chemical vapor deposition) apparatus, and the
base layer 21 having flat surface was formed by growing GaN
buffer layer of 20 nm at lower temperature (about 510° C.) on
the substrate surface on which the projections were formed
and on the buffer layer, growing along c-axis GaN at higher
temperature (about 1050° C.).

On the base layer 21 obtained in this manner, the first
conductive layer (n-type layer) 22 such as n-type contact
layer, the active layer 23 and the second conductive layer
(p-type layer) 24 were laminated in this order as shown in
FIG. 2.

In particular, the n-type contact layer of Si (4.5x10'%/cm?)-
doped GaN having thickness of 5 um is formed on the base
layer 21 as the first conductive layer (n-type layer) 22. Fur-
ther, in the region between the n-type contact layer and the
active layer, an undoped GaN layer of 0.3 um, a Si (4.5x10'%/
cm®)-doped GaN layer of 0.03 um, an undoped GaN layer of
5 nm, a multilayer formed by repeatedly and alternatively
laminating undoped layers of 2 nm and undoped GaN layers
of'4 nm by 10 for each layer and at last laminating an undoped
In, ,Ga, oN layer of 2 nm were laminated as the first conduc-
tive layer (n-type layer) 22. Then, a multiple quantum well
structure formed by repeatedly and alternatively laminating
undoped GaN barrier layers having thickness of 25 nm and
In, ;Ga, ;N well layers having thickness of 3 nm by 6 for each
layer and at last laminating a barrier layer was laminated as
the active layer 23 on the n-type layer 22. Then, a p-side
multilayer formed by repeatedly and alternatively laminating
Mg(5x10**/cm>)-doped Al, , sGa, 45N layers having thick-
ness of 4 nm and Mg(5x10"/cm?)-doped In, ,;Ga, o, N lay-
ers having thickness of 2.5 nm by 5 for each layer and at last
laminating the above-mentioned AlGaN layer and a p-type
contact layer of Mg (1x10*%cm?®)-doped GaN having thick-
ness of 0.12 pm were laminated as the second conductive
layer (p-type layer) 24 on the active layer 23.

A part of the n-type layer 22 was exposed by removing a
part of the nitride semiconductor layer from the p-type layer
24 by means of etching. The first electrode and the second
electrode were formed on the exposed n-type layer 22 and on
the p-type layer 24, respectively. In particular, ITO (about 170
nm) was formed as the translucent ohmic electrode on the
surface of the p-type layer 24, which is the surface of the light
emitting structure portion, and the electrode having a struc-
ture formed by laminating Rh (about 100 nm), Pt (about 200
nm) and Au (about 500 nm) in this order was formed on this
ITO and on the n-type contact layer. In this manner, the nitride
semiconductor light emitting element exhibiting an emission
wavelength of 465 nm was manufactured.

Comparative Example 1

Then, nitride semiconductor light emitting elements were
prepared which were obtained by growing nitride semicon-
ductor on sapphire substrates having substantially truncated
triangular pyramidal-shaped projections formed thereon.

Firstly, projections having substantially truncated triangu-
lar pyramidal-shape were formed on C-plane of a sapphire
substrate by procedures shown below.
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A plurality of circular-shaped etching masks having diam-
eters ofabout 1.5 um were formed on each vertex of triangular
lattice with a side of 2.6 um by forming SiO, layer on a
C-plane (0001) ofthe sapphire substrate and by patterning the
SiO, layer. Subsequently, the substrate was immersed in an
etching bath using a mixed acid of phosphoric acid and sul-
furic acid as an etching liquid and etched with the solution
temperature of about 290° C. for about 4.5 minutes. By this,
a plurality of projections having flat surfaces on the top were
formed on the sapphire substrate. The inclined angle of the
side surfaces constituting the projections was between about
53 and 59°, the height of the projections was about 1 pum, the
distance between the projections was 3.5 um, and C-plane
area ratio was 60%. SEM image from the upper surface of the
obtained sapphire substrate is shown in FIG. 8.

The distances between the adjacent projections were
changed in the range from 1.9 to 3.1 um, and for each of the
distance between the projections, C-plane area ratios were
changed in the range from 20 to 55% by adjusting the size of
the etching masks, the length of a side of the triangular lattice
and the time of etching as the above-described Example. In
Comparative Examples, “distance between projections”
means a distance between the centers of the bottom surface of
the adjacent projections. Although C-plane area ratio in Com-
parative Examples is followed by the definition of crystal
growth surface area ratio as described above, C-plane area in
Comparative Examples is defined by the sum of the area of
C-plane located between the adjacent projections and the area
of flat surfaces formed on the top of projections.

Using the substrates obtained in this manner, nitride semi-
conductor light emitting elements of Comparative Example 1
were prepared by the similar procedures to those of the above-
described Example 1.

[Measurement of Luminous Flux]

Bullet-shaped light emitting devices were prepared using
the obtained light emitting elements of Example 1 and Com-
parative Example 1. In the bullet-shaped light emitting
device, the light emitting element is placed on a first lead, and
the first lead and a second lead are electrically connected to
the light emitting element via wires. The first lead does not
have a cup shape, and the light emitting device is placed on a
flat surface of the first lead. A part of the first lead and a part
of the second lead as well as the light emitting element is
covered with epoxy resin and immobilized. A part of the
epoxy resin hemispherical has hemispherical shape such that
the light emitting element placed on the first lead is at the
center.

Each of the prepared light emitting devices of Example 1
and Comparative Example 1 was placed at the center of a
spherical integrating sphere, and the luminous flux ® , was
determined.

For the light emitting devices of Example 1 and Compara-
tive Example 1 which have the same distance between the
projections and the C-plane area ratio, luminous flux ratio (®,,
ratio) of the light emitting device of Example 1 to that of
Comparative Example 1 is defined by the following formula

(1).
Luminous flux ratio(®, ratio)(a.x.) = [Formula 1]

Luminous flux of light

emitting device of Example

Luminous flux of light emitting

device of Comparative Example
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For each of the light emitting devices of Example 1 and
Comparative Example 1 which have the same distance
between the projections and the C-plane area ratio, the
amount of luminous flux ratio was calculated using the for-
mula (1). FIG. 9 shows a graph plotting the obtained luminous
flux to the C-plane area ratio.

As can be seen from FIG. 9, the luminous flux ratio (P,
ratio) of the light emitting devices of Example 1 to those of
Comparative Example tends to be more than 1. By this, the
light emitting devices of Example 1 were found to exhibit
increased luminous flux and thus, improved light extraction
efficiency compared to the light emitting device of Compara-
tive Example 1. The luminous flux ratio tends to be increased
with the increased distance between the projections, and par-
ticularly large value of the luminous flux ratio was obtained
when the distance between the projections was between 2.2
and 3.1 um, and in particular between 2.8 and 3.1 pm. In
addition, for any distances between the projection, particu-
larly large value of luminous flux ratio was obtained when
C-plane area ratio was between 25 and 50%, and in particular
between 30 and 45%.

Example 2

Then, nitride semiconductor light emitting elements of
Example 2 and Comparative Example 2 were prepared which
had the distance between the projections of between 1.9 and
3.1 um and C-plane area ratio of between about 35% and 70%
by the similar procedures to those explained in Example 1 and
Comparative Example 1 described above. These nitride semi-
conductor light emitting elements of Example 2 and Com-
parative Example 2 have the same constitution as those of
Example 1 and Comparative Example 1 described above
except that the distance between the projections was between
1.9 and 3.1 pm and C-plane area ratio was between about 35%
and 70%.

[Measurement of Luminous Flux]

Bullet-shaped light emitting devices were prepared using
the obtained light emitting elements of Example 2 and Com-
parative Example 2, similarly to Example 1 and Comparative
Example 1 described above. Each of the prepared light emit-
ting devices of Example 2 and Comparative Example 2 was
placed at the center of a spherical integrating sphere, and the
radiant flux @, and the luminous flux @, in all directions were
determined.

For the nitride semiconductor light emitting elements of
Example 2 and Comparative Example 2 which had the same
distance between the projections and C-plane area ratio, the
luminous flux ratio (@, ratio) of the nitride semiconductor
light emitting element of Example 2 to that of Comparative
Example 2 is defined by the formula (1) described above, and
the radiant flux ratio (@, ratio) of the nitride semiconductor
light emitting element of Example 2 to that of Comparative
Example 2 is defined by the following formula (2).

Radiant flux ratio(®, ratio)(a.u.) = [Formula 2]

Radiant flux of light

emitting device of Example

Radiant flux of light emitting

device of Comparative Example

The luminous flux ratios and the radiant flux ratios were
calculated using the formulas (1) and (2) for each of the light
emitting devices of Example 2 and Comparative Example 2.
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FIG. 10 shows a graph plotting the obtained radiant flux ratios
and the luminous flux ratios to the C-plane area ratio.

As can be seen from FIG. 10, radiant flux ratio (®, ratio)
and luminous flux ratio (®, ratio) both tend to be more than 1
when C-plane area ratio is about 60% or less, and particularly
increased radiant flux ratio and luminous flux ratio were
achieved when C-plane area ratio was between 25 and 50%,
particularly between 30 and 45%. By this, it is found that the
light emitting device of Example 2 according to the present
invention has increased luminous flux compared to the light
emitting device of Comparative Example 2, and thus, has
improved light extraction efficiency.

In addition, as can be seen from FIG. 10, the value of the
luminous flux ratio tends to be larger than that of the radiant
flux ratio when the C-plane area ratio is in the range between
about 35% and 70%. This tendency was significant when the
C-plane area ratio was between 25 and 50%, in particular
between 30 and 45%. By this, the light emitting device of
Example 2 was found to have excellent light emitting effi-
ciency compared to the light emitting device of Comparative
Example 2.

Example 3

A nitride semiconductor light emitting elements of
Example 3 which had the distance between the projections of
2.5 um and C-plane area ratio of 51% was prepared by the
similar procedures to those of the above-described Example
1. This nitride semiconductor light emitting elements of
Example 3 had the same configuration as that of Example 1
except that the distance between the projections was 2.5 um
and C-plane area ratio was 51%.

Comparative Example 3

As a nitride semiconductor light emitting element of Com-
parative Example 3, a nitride semiconductor light emitting
element was prepared which was obtained by growing a
nitride semiconductor on a sapphire substrate, wherein the
projections having a substantially triangular pyramidal-shape
were formed, and wherein the inclined angle of side surfaces
of the projections varies in two stage.

Firstly, projections were formed on C-plane of a sapphire
substrate by procedures shown below.

A plurality of circular-shaped etching masks having diam-
eters ofabout 1.5 um were formed on each vertex of triangular
lattice with a side of 2.5 pm by forming SiO, layer on a
C-plane (0001) ofthe sapphire substrate and by patterning the
SiO, layer. Subsequently, the substrate was immersed in an
etching bath using a mixed acid with reduced mixing ratio of
phosphoric acid compared to the mixed acid used in Example
1 (specifically, sulfuric acid:phosphoric acid=3:1) as an etch-
ing liquid and etched with the solution temperature of about
290° C. for about 4.5 minutes. And then, the etching masks
were removed, the substrate was immersed again in the etch-
ing bath described above and etched with the solution tem-
perature of about 290° C. for about 1 minute. By this, sub-
stantially triangular pyramidal-shaped projections in which
the inclined angle of the side surface varies in two stage were
formed on the substrate. The inclined angle of the side sur-
faces constituting the projections was 53° on the lower side
and 28° on the upper side. The height of the projections was
about 1 um, the distance between the projections was 2.5 pm,
and C-plane area ratio was 38%. Cross-sectional SEM image
of the obtained sapphire substrate is shown in FIG. 11. From
FIG. 11, it is found that the inclined angle of the side surface
varies in two stage at the cross-section passing through the top
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of'the projection. Using the substrate obtained in this manner,
a nitride semiconductor light emitting element of Compara-
tive Example 3 was prepared by similar procedures to those of
Example 1 described above.

For each of the nitride semiconductor light emitting ele-
ments of Example 3 and Comparative Example 3 obtained in
this manner, the light intensities were measured and the direc-
tional characteristics were evaluated. The results are shown in
FIG. 12. FIG. 12A is a top view of the nitride semiconductor
light emitting elements of Example 3 and Comparative
Example 3. FIG. 12B is a graph showing the directional
characteristics of the nitride semiconductor light emitting
elements of Example 3 and Comparative Example 3 when the
light intensities were measured in a direction of ¢=0° shown
in FIG. 12A, and FIG. 12C is a graph showing the directional
characteristics of the nitride semiconductor light emitting
elements of Example 3 and Comparative Example 3 when the
light intensities were measured in a direction of p=90° shown
in FIG. 12A. In FIG. 12B and FIG. 12C, the radial direction
indicates the light intensity and the circumferential direction
indicates the directivity angle. The light intensities are shown
as relative values based on the maximum light intensity in
each of the nitride semiconductor light emitting elements.

From FIGS. 12A, 12B, and 12C, it was found that the
nitride semiconductor light emitting element of Example 3 in
which the projections have the constant inclined angle exhib-
ited improved light extraction efficiency to the front direction
of the nitride semiconductor light emitting element, com-
pared to the nitride semiconductor light emitting element of
Comparative Example 3 in which the projections have the
inclined angle varying in two stage, in any case of $=0° and
$=90°.

The sapphire substrate of embodiments of the present
invention can provide a nitride semiconductor light emitting
element having high output and light extraction efficiency.

What is claimed is:

1. A method for manufacturing a sapphire substrate in
which a plurality of projections are formed on a C-plane of the
sapphire substrate by etching, comprising:

forming a patterned etching mask on the C-plane of the

sapphire substrate;

etching the sapphire substrate until the projections are

formed, wherein each of the projections formed by the
etching has a substantially triangular pyramidal-shape
and has a plurality of side surfaces, a pointed top and a
bottom, wherein the bottom of each of the projections
has a substantially triangular shape having three out-
wardly curved arc-shaped sides, and each of the plurality
of'side surfaces has a substantially triangular shape hav-
ing vertexes located at the top of the projections and at
both ends of a respective side of the bottom of the pro-
jections, and wherein the projections are arranged on
vertexes of a triangular lattice, and an orientation of the
bottom of the projections conforms with an orientation
that is rotated by about 30 degrees from an orientation of
a triangle of the triangular lattice; and
removing the etching mask from the sapphire substrate.
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2. The method according to claim 1, wherein the etching is
dry etching.

3. The method according to claim 2, wherein a mask mate-
rial used for the patterned etching mask comprises oxide
layers.

4. The method according to claim 2, wherein a mask mate-
rial used for the patterned etching mask comprises metal
layers.

5. The method according to claim 1, wherein the etching is
wet etching.

6. The method according to claim 5, wherein a mask mate-
rial used for the patterned etching mask comprises an oxide of
at least one element selected from a group consisting of Si, V,
Zr,Nb, Hf, Ti, Ta and Al.

7. The method according to claim 5, wherein a mask mate-
rial used for the patterned etching mask comprises a nitride of
at least one element selected from a group consisting of Si, B
and Al

8. The method according to claim 5, wherein a mask mate-
rial used for the patterned etching mask comprises SiO,.

9. The method according to claim 5, wherein the patterned
etching mask has a circular shape.

10. The method according to claim 5, wherein an etching
liquid used in the wet etching comprises phosphoric acid,
pyrophosphoric acid, mixed acid of phosphoric acid and/or
pyrophosphoric acid with sulfuric acid, or potassium hydrox-
ide.

11. The method according to claim 5, wherein an etching
liquid used in the wet etching comprises a mixed acid com-
prising sulfuric acid and phosphoric acid.

12. The method according to claim 11, wherein a mixing
ratio of sulfuric acid to phosphoric acid is 3 to 2.

13. A nitride semiconductor light emitting element formed
by growing a nitride semiconductor on a principal surface of
a sapphire substrate provided with a plurality of projections
on the principal surface on which the nitride semiconductor is
grown to form the nitride semiconductor light emitting ele-
ment,

wherein each of the projections has a substantially trian-

gular pyramidal-shape and has a plurality of side sur-
faces, a pointed top and a bottom, and

wherein the bottom of each of the projections has a sub-

stantially triangular shape having three outwardly
curved arc-shaped sides, and each of the plurality of side
surfaces has a substantially triangular shape having ver-
texes located at the top of the projections and at both
ends of arespective side of the bottom of the projections,
and

wherein the projections are arranged on vertexes of a tri-

angular lattice, and an orientation of the bottom of the
projections conforms with an orientation that is rotated
by about 30 degrees from an orientation of a triangle of
the triangular lattice.

14. The nitride semiconductor light emitting element
according to claim 13, wherein the principal surface is a
C-plane of the sapphire substrate.
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